Supersymmetric SU (5) GUT augmented with anomaly free U (1) F flavor symmetry is presented. Very economical field content and U (1) F charge assignment are obtained by specific construction. In particular, three families of 10+5 chiral matter, along the SU (5) singlet states (some of which serve as right handed neutrinos) are obtained. Appealing texture zero Yukawa matrices provide natural understanding of hierarchies between charged fermion masses and mixings. The model predicts inverted hierarchical neutrino mass scenario with interesting implications.
Introduction
Although being very successful, the Standard Model is unable to resolve some puzzles. Among them is a problem of fermion flavor. The origin of hierarchies between charged fermion masses and CKM mixing angles is unexplained. Is there any underlying theory which might generate these hierarchies in a natural way? Moreover, in order to explain the neutrino data [1] [2] [3] some extension of the Standard Model, generating neutrino masses and mixings, is necessary. The number of fermion generations is a mystery. Do we have only three chiral families of quarks and leptons? Is any selection rule dictating the number of fermion generations?
Motivated by these questions, in this paper we address these issues within the framework of supersymmetric (SUSY) SU(5) Grand Unified Theory (GUT). Latter's motivation is to have unified description of electro-weak and strong interactions [4] , while SUSY provides natural understanding of gauge hierarchy problem as well as the successful gauge coupling unification [5] . For understanding hierarchies between fermion masses and mixings, we apply Abelian flavor symmetry [6] U(1) F which by requirement is non-anomalous. The U(1) F , in combination with SUSY SU(5) GUT, due to anomaly constraint allows only three chiral families of matter (10 +5)-plets and few SU(5)
where subscripts inside and outside of parenthesis indicate U(1) 6 and U(1) 7 charges respectively. Note that U(1) 6 and U(1) 7 are coming from SU(6) and SU (7) are omitted in Eq. (1) . Now, in (1), without change of charge assignments, we replace the pair of (10 + 5)-plets by the pair (10 +5) . With this replacement all anomalies (at the level of SU(5) and U(1)'s) will remain intact, i.e. will still vanish. Thus, we will have the following anomaly free content (10 −3 + 10 3 ) 3 + (10 2 +5 −4 ) −4 + 2 × [(5 −1 + 1 5 
which involves three families (!) of matter (10 +5) supermultiplets plus four SU(5) singlets. Some of these singlets will be applied as right handed neutrinos (RHN). Worth noting that, in difference from SO(10) GUT, the SU(5) does not involve (require) the RHN states. In the SU(5) scenario, we have just built up, the RHNs are required for anomaly cancellation. By Abelian symmetries U(1) 6 and U(1) 7 , with charges given in Eq. (2), we can build superpositionāQ U (1) 6 +bQ U (1) 7 . This superposition is automatically anomaly free for arbitraryā andb, because the orthogonal generators Y U (1) 6 and Y U (1) 7 originate from single SU(7). Thus, using (2) we can write the anomaly free set 10 −3ā+3b + 10 3ā+3b + 10 2ā−4b
where subscripts denote charges. As it turns out, for building realistic phenomenology it is useful to add to this superposition another anomaly free U(1), which can be found by similar procedure. For instance, consider 27-plet of E 6 group with a chain E 6 → SO(10) × U(1) E 6 → SU(5) × U(1) E 6 of decomposition [11] :
Here subscripts denote U(1) E 6 charges. In this content, we can replace 5 −2 with5 −2 and at the same time add 10 p + 10 −p . Moreover, we can add two SU(5) singlets with U(1) E 6 charges k and −k respectively. With this replacement and additions, the anomalies SU(5) 3 , SU(5) 2 · U(1) E 6 , etc, will be unchanged. This content allows to build superposition of three Abelian groups U(1) 6 , U(1) 7 and U(1) E 6 :Q sup =āQ U (1) 6 +bQ U (1) 7 +cQ U (1) E 6 . Thus, the field content andQ sup charge assignment will look: 10 −3ā+3b+pc + 10 3ā+3b−pc + 10 2ā−4b+c +5 −4ā−4b−2c +5 −ā−b+c +5 −ā−b−2c
Relations betweenā,c, k and p (imposed forc = 0) given in Eq. (5) insures that all anomalies vanish. Clearly, with rational selection ofā, k and p the value ofc also will be rational. The set given in Eq. (5) is one simple selection among several options and opens up many possibilities for model building with realistic phenomenology. We will identify these charges with the charges of U(1) F flavor symmetry.
Model: Quark and Charged Lepton Yukawa Textures
To the field content of Eq. (5) we add the pair 5 q +5 −q . This is needed to have, besides the matter fields, the Higgs supermultiplets H +H. Thus, in total we have three 10-plets, one 5-plet and four5-plets plus SU(5) singlets. The U(1) F charge assignment (q, −q for 5 q ,5 −q and for remaininḡ 5-plets given in Eq. (5)) is not unique. We can exchange 5-plet's U(1) F charge with one of thē 5-plets' charge. With this, all anomalies will still vanish. In addition, out of the four5-plets, any of them can be identified with the Higgs superfieldH. As it turns out, for the charges of the pair (H,H), we will have 13 possible options for (Q H , QH):
with l = 1, · · · , 13. Note that we have left out possibilities obtained from those given in (6) by the substitution q → −q. These 13 options open up various possibilities for the model building [12] . Below we present one of them, which we found to have nice and attractive properties with interesting implications for fermion masses and mixings.
U(1) F symmetry breaking
In order to break U(1) F gauge symmetry, we introduce SU(5) singlet pair of flavon superfields
Without loss of generality, we have normalized flavons' charges modulo to one. The scalar components of X andX acquire VEVs
where
GeV is reduced Planck scale, which will be treated as natural cut off for all higher dimensional non-renormalizable operators. In our approach, top quark (and possibly bottom quark and tau lepton, in case of large tan β) will get mass at renormalizable level. Yukawa couplings of light families emerge after U(1) F flavor symmetry breaking. Thus, the hierarchies between Yukawa couplings and CKM mixing angles will be expressed by powers of small parameters ǫ,ǭ ≪ 1.
Yukawa textures
In the charge assignment we need to fix the values ofā,b andc. If their ratios remain arbitrary there will be more than one extra U(1) symmetry, and that we have to avoid. Together with fixingā,b,c, the values of p, q and k (in (5) and (6)) should be selected in such a way as to have phenomenologically viable quark and lepton Yukawa textures. It turns out, that one selection leading to attractive Yukawa sector, is the following:
In this case, in Eq. (6) we pick up l = 3, which fixes charges of H,H as (Q H , QH) l=3 = (0, 2). The charges of matter (10 +5)-plets (and also SU(5) singlets) are also fixed and we will make the following identification: Q 10 i = {2, −1, 0} , Q5 i = {0, −3, −2}, where i = 1, 2, 3 labels the flavor. The model's field content and corresponding U(1) F charges are given in Table 1 . With this assignment, 10 · 10H and 10 ·5H-type Yukawa couplings are given by 
where in front of each entry, dimensionless couplings(∼ 1/5−5) are assumed. As we will see shortly, good fit is achieved forǭ ∼ 1/10 , ǫ ∼ (0.05 − 0.2)ǭ 2 . On the other hand, with these values, the matrix elements (1, 1), (1, 3) , (3, 1) are so suppressed, that they are irrelevant and we can set them equal to zero. Thus, for all practical purposes, we can investigate the Yukawa matrices:
with zero textures.
Quark masses and mixings
Using the basis q
, without loss of generality we can parameterize up and down Yukawa matrices at GUT scale to have forms:
We have made field phase redefinitions in such a way that, in this basis, CKM matrix remains unity and in Y U only one phase ξ u appears. The phases ϕ and ϕ ′ will not contribute to the quark masses, but will be important for the CKM matrix elements. From Eqs. (12) and (13), in a fairly good approximation we obtain the following relations valid at GUT scale:
These relations help to find a good fit. With proper selection of input parametersǭ, λ,
, ϕ, ϕ ′ we can get desirable values for fermion mass hierarchies and CKM mixing angles at GUT scale. Then, using RG we can calculate these ratios at low scales:
where RG factors
are given in 1-loop approximation.
We will consider two cases with low/moderate and large values of the MSSM parameter tan β.
Fit for tan β = 5 − 15
We take experimental value m t (m t ) = 163.68 GeV, determining top Yukawa coupling at weak scale, and with tan β = 5 − 15 we find η t = 1.097, η b ≃ η τ ≃ 1 . For this case, good fit is obtained for the following values of input parameters:
These at GUT scale give
Performing renormalization (using (16) and [13] ), at low scales we get (with input m t (m t ) = 163.68 GeV, m b (m b ) = 4.24 GeV):
These values of masses and CKM matrix elements are in good agreement with experiments [14] , [15] . 
giving at GUT scale
The renormalization procedure (using (16) and [13] These agree well with experiments.
Charged lepton sector
Now let us discuss the charged lepton sector. Relevant Yukawa couplings originate from 10 ·5 ·H-type interactions of Eq. (10) (while in practice Y E has the structure of Eq. (11)). Without breaking the SU(5) symmetry in these interactions, one would get the asymptotic relation
, which is unacceptable and is a well known problem for minimal SUSY SU(5) GUT. However, by some specific extension, care can be exercised to solve this problem [16] . Without specifying origin of SU(5) breaking in this sector, we assume that it happens (i.e. SU (5) 
In Y E only one complex phase ξ e appears. Remaining phases are rotated away by proper phase redefinitions of the l and e c states. With {k 22 , k e , λ e , ξ e } = {1, k, λ, ξ d } we can avoid the relation 
and remaining parameters given in Eqs. (18) and (20) respectively. With these we obtain 
Neutrino Sector
To build the realistic neutrino sector, we apply the singlet states 1 1,2,3 (with U(1) F charges given in Table 1 ) as right handed neutrinos. Their Dirac type couplings (to5 i states) and the mass matrix respectively are given by:
where M * is some mass scale and in the entries of these matrices the dimensionless couplings are omitted. Integration of heavy 1 i states leads to 3 × 3 mass matrix for the light neutrinos:
withm ∼
M * ǫ 2 and α, β are some dimensionless couplings. Note that, M ν 's 2 − 3 block's determinant is zero. It is convenient to work in a basis where charged lepton mass matrix is diagonal, i.e. rotate whole lepton doublets by unitary matrix which diagonalizes the matrix Y E Y † E . In this basis, the weak leptonic current is diagonal and the neutrino mass matrix can be denoted byM ν . The convenience of this basis is that the diagonalizing matrix U:
will coincide with the lepton mixing matrix. The latter, in a standard parametrization, has the form: 
with s ij = sin θ ij and c ij = cos θ ij . The phase matrices P 1,2 are given by:
where ω 1,2,3 , ρ 1,2 are some phases. To get some feeling about the results, obtained from the neutrino mass matrix, let us first ignore θ e 12 and θ e 13 mixings. Since these angles are small, the picture qualitatively will remain unchanged. (Effects of these mixing angles are discussed in detail in an Appendix). With θ e 12 , θ e 13 ≪ 1, in a good approximationM ν can be written as: (ii)
Note that 2 − 3 block's determinant of the matrix (31) is also zero:M 
where K is real and κ is some phase. Derivation of (33) and forms of K, κ are given in Appendix (see Eqs. (53)- (55) . We see that points of region (ii) are well below from points of region (i). While Fig. 1 corresponds to the best fit values of the neutrino oscillation parameters [1] , the conclusion is same by taking them within 8σ error bars. This demonstrates that within considered model, the normal hierarchical neutrino mass scenario can not be realized.
On the other hand, inverted hierarchy in neutrino masses is possible within considered SU(5)
5 This is demonstrated in Fig. 2 . Green dashed region includes points captured (54), (55)) are varied within full ranges. Dashed lines correspond to the case with K → 0. Thus, inclusion of the charged lepton sector somewhat extents the allowed region. All this demonstrates that inverted hierarchical scenario is easily realized. Fig. 2 shows that, the allowed region for m 3 is fixed as:
and using (58) we get:
These imply m i ≈ 0.1 eV, satisfying the current bound [20] obtained from cosmology. Moreover, for neutrino less double β-decay parameter m ββ = | U 2 ei m i | we obtain:
leading to:
Future experiments will be able to test viability of this scenario [21] .
In summary, we have presented supersymmetric SU(5) GUT supplemented with non-anomalous U(1) F flavor symmetry. Anomaly cancellation condition restricted the field content (dictated three families of 10 +5 matter), as well as U(1) F charge assignment. Texture zero Yukawa matrices gave natural understanding of hierarchies between charged fermion mass and mixings. Model automatically involves SU(5) singlet states utilized as right handed neutrinos. Inverted hierarchical neutrino mass scenario is predicted within considered model. Other phenomenological issues, such as doublet-triplet splitting, proton decay etc., left beyond the scope of this paper, will be addressed elsewhere within more general class of models [12] supplemented by anomaly free U(1) F symmetry [8] . In this appendix we work out the details of contributions from the charged lepton sector to the neutrino sector. In particular, as was pointed out in Sect. 4, we study impact of θ e 12 and θ e 13 mixing angles. With this study, we prove that within considered SUSY SU(5) × U(1) F scenario, only inverted hierarchical neutrino mass scenario is realized.
Charged lepton mass terms e T M E e c get diagonalized by transformations e = L * e e ′ , e c = R e e c′ , where L e , R e are unitary matrices such that
Let us rotate the neutrino states ν by the same unitary transformation as e-states: ν = L * e ν ′ . With this, the weak current remains diagonal:ēγ µ ν =ē
On the other hand, the neutrino mass couplings
Upon transformation ν ′ = Uν ′′ , the neutrino couplings can be diagonalized, i.e.
and finally the weak current will beē
. Thus, the matrix U in (40) coincides with the lepton mixing matrix.
From Eqs. (39) and (40) we obtain
Unitary matrix L e can be written as 
where Γ is real: 
Without restricting any generality, we can take P l 2 = P ′′ * l and using (42), (43) in (41), we obtain
Because of smallness of s e 12 and s e 13 , further we use approximation and keep first powers of these angles (and thus first powers of the matrix Γ). With this, from (45) we get
Note, that since 2 − 3 block's determinant of M ν is zero, similar applies to the 2 − 3 block of the matrixM ν (see Eq. (46)). Thus,M * ν can be parameterized aŝ 
from (54) we get Eq. (33) -the expression for tan 2 θ 13 . Having (54), we can now examine possibilities of realizing normal and inverted hierarchical neutrino mass scenarios within our model. 
Excluding normal hierarchical neutrino mass scenario
With help of (33) and using the best fit values of quantities ∆m 
Compatibility with inverted hierarchical neutrino masses
As turns out, the inverted hierarchical neutrino masses blend well with relation (33). In this case, ∆m 
If we set K → 0 in (33), we can easily see that for certain values of m 3 and ρ 1 all observable can be obtained within experimentally preferred ranges. Inclusion of K do not change this positive result, but just offers slightly different choices of m 3 and various phases. For illustration see Fig. 2 , with corresponding discussion starting in a paragraph right before Eq. (34).
